This study presents the design and implementation of a web-based remote laboratory for a multi-mode single-leg power converter, which is a topic in advanced power electronics course. The proposed laboratory includes an experimental test rig with a multi-mode single-leg power converter and its driver circuits, a measurement board, a control platform, and a LabVIEW-based user interface program that is operated in the server computer. Given that the proposed web-based remote laboratory is based on client/server architecture, the experimental test rig can be controlled by a client computer with Internet connection and a standard web browser. Although the multi-mode single-leg power converter can work at four different modes (main boost, buck-boost, boost-boost, and battery boost modes), only the buck-boost mode is used in the experiment because of page limit. Users can choose the control structure, control parameters, and reference values, as well as obtain graphical results from the user interface software. Consequently, the feedbacks received from students who conducted remote laboratory studies indicate that the proposed laboratory is a useful tool for both remote and traditional education.
I. INTRODUCTION
At present, educational institutions worldwide aim to improve their educational facilities while decreasing educational costs. When planning an educational facility, designers must consider that learning is not only a process that takes place in the classroom for a short time but as a part of life that continues throughout the lifetime of a person. Therefore, many educational institutions have continuing education units or distance learning schools to extend their educational facilities to a wider population than those in classrooms. Theoretical knowledge can be easily acquired by using distance-learning methods, such as TV programs, videos, or web-based applications. In engineering education, however, theoretical background should be coupled with practical applications. Many institutions and faculties that provide engineering education have laboratories to improve the practical skills of their students. Students work with real devices in these laboratories and prepare themselves for practical applications. Nevertheless, these laboratories assist a limited number of students at a limited time while increasing costs. Accidents and injury may also occur during experiments as a result of moving parts of experimental sets or from electric shock. Many educational laboratories also have ordinary devices because technological devices are developing rapidly and updating laboratory devices is difficult because of additional costs. Given the limitations of real laboratories, some educational units intend to use web-based laboratories for their educational facilities. Web-based systems that are remotely controlled and monitored are used for educational purposes, as well as in industrial and home automation systems. Therefore, remote laboratories have received increasing interest from researchers in recent years. Related literature indicates that web-based remote laboratories are used in a wide variety of engineering areas. A remote laboratory was used to illustrate several control experiments for control engineering in [1] , [2] . A remote laboratory for engineering measurements was used as a power engineering and motion control laboratory for a mechatronic course in [3] - [5] . Web-based laboratories were also used as a configurable electronic laboratory [6] , an analog and digital communication laboratory [7] , a robotic control laboratory [8] , [9] , a digital signal processing laboratory [10] , and an electrical machine laboratory [11] - [15] .
Power electronics is a multi-disciplinary engineering area that includes electrical, electronics, computer, control, automotive, and power engineering. Power electronics-based systems are used in a wide range of application areas, such as home appliances, electric vehicles, electric drives, uninterruptible power supplies, and renewable energy sources. Working on power electronics requires some knowledge on circuit theory, control theory, and semiconductors apart from knowledge on the application area. Given the complex structure of power electronics, engineers and engineering students experience difficulties in understanding this area. The development of microprocessor and semiconductor technologies has also enhanced power electronics. Hence, engineers have to keep their knowledge up-to-date. Learning all types of power electronic circuits in a conventional laboratory is difficult because of the large number of circuits that increases daily. To improve effective learning of power electronics, several methods have been suggested. In [16] , the hardware and software modules of an Internet-based remote laboratory for multi-level power converters were described. Users can control a multi-level converter through the Internet by selecting the control structure, control parameters, and load types, as well as obtain the graphical results of the measurements. A software-reconfigurable e-learning platform for power electronics courses was proposed in [17] , and a configurable power electronic test bed was developed to realize circuit topologies and control techniques of power electronic circuits. An Internet-based simulation tool for DC/DC converters was proposed in [18] . DC/DC converters, buck, boost, and buck-boost were modeled separately and simulated through the Internet.
A multi-mode single-leg power converter suggested in [19] has become a topic in advanced power electronics and is used for energy conversion in electric cars, wind turbines, and solar energy systems. Multi-mode single-leg power converters can work at four modes and boost the main source voltage while charging/discharging storage devices such as batteries and/or ultra-capacitors.
In this study, a new web-based remote laboratory for a multi-mode single-leg converter is designed and implemented as part of an advanced power electronics course. This study aims to introduce an effective self-learning tool to engineers and graduate students who are working on power electronics. The proposed web-based remote laboratory consists of a power electronic test rig, a handmade measurement board, a control platform, and a LabVIEW-based user interface program. Although the developed system is a web-based remote accessible laboratory for advanced power electronics courses, the system can also be used to control and monitor a multi-mode single-leg power converter in stand-alone mode. Compared with other similar web-based remote laboratories, the developed laboratory is suitable for undergraduate and postgraduate students, as well as for researchers who are working on power electronics.
The rest of this paper is organized as follows. Section II introduces the hardware structure of the laboratory and the operation of the multi-mode single-leg power converter. Section III explains the software architecture of the system. Section IV presents the experiment results of a case study for the multi-mode single-leg power converter. Section V provides several educational outcomes. Finally, Section VI concludes the paper.
II. LABORATORY ARCHITECTURE DESIGN

A. Laboratory Setup Overview
Laboratory operation is based on server/client architecture, in which all pieces of hardware are on the server side and the system is administrated by the server. However, a personal computer with Internet connection is adequate for clients. The block diagram of the proposed remote laboratory architecture is shown in Fig. 1 . This remote laboratory setup has four hardware components, namely: (1) host/server, (2) control platform, (3) handmade measurement board, and (4) power electronic converter at the server side. These hardware components are described in the following section.
1) Host/Server:
The host/server is the administrative unit of the system. This unit transfers commands obtained from the client to the control platform via Ethernet connection, collects data obtained from the system, and sends the results back to the client. A user interface prepared with LabVIEW software is used to send commands and display results from clients. Remote users can select the control structure, change the reference voltage and system control parameters, and monitor the voltage and current waveforms through the user interface.
2) Control Platform:
A PowerDNA® (Distributed Networked Automation) -PPC8 data acquisition (DAQ) cube, which is a compact, rugged, Ethernet-based DAQ interface, is employed as the control platform. This interface is ideally suited for a wide variety of industrial, aerospace, and laboratory DAQ and control applications [20] . Depending on the application requirement, one or more PowerDNA® cube can be configured to obtain a specific I/O. In this study, for example, an AI-205 analog input board that offers four A/D channels with input ranges up to ±100 V, 18 bit resolution, 250 kS/s simultaneous sampling, and full channel-to-channel isolation is used to acquire analog signals for the power electronic converter. An AI-205 board features a three-stage polyphase finite input response filter that provides digital filtering capability in real time [21] . A CT-601 counter/timer/pulse-width modulation (PWM) board was used to generate two independent PWM signals for the insulated-gate bipolar transistors (IGBTs) in the converter. The CT-601 board is electrically identical with the AI-205 board and provides eight independent 32 bit channels. Each channel exhibits overvoltage protection and optoisolation. They perform up/down counting in a number of flexible modes by using values from a load register and two compare registers. They can also function as an event counter, perform width/period measurements, and run in quadrature-encode mode, wherein the user sets the counting direction. For the output modes, the layer offers one shot and universal PWM operation [22] .
3) Handmade Measurement Board:
A handmade measurement board is used to signal the level scaling part of the web-based remote laboratory. Through this board, the voltage and current signals obtained from the converter are reduced to the appropriate level for the AI-205 analog input board. The handmade measurement board consists of Hall-effect sensors, two voltage sensors (LEM-LV-25P), and two current sensors (LEM-LA-100P), which are used to measure the output of the power electronic converter, battery voltages (V out , V bat ), and L1 and L2 inductance currents (I L1 , I L2 ). These sensors convert the measured voltage and current signal levels into voltage signal levels that are acceptable to the I/O board. The sensors also function as an isolation barrier between the power electronic converter and the I/O board. Hence, a safe operation is achieved for the remote laboratory system.
4) Power Electronic Converter:
The topology chosen for the power electronic converter is a multi-mode single-leg converter. This converter includes two switches (
, and a diode (D 1 ). It can simultaneously operate in boost and buck converter modes. For example, the converter can simultaneously boost the generated voltage and charge/discharge storage devices, such as batteries and ultra-capacitors. A detailed analysis of this converter, its characteristics, and the selection of different components is presented in [19] .
B. Controller Structures of the Converter
The operation of the proposed multi-mode single-leg converter can be analyzed at four different modes, namely, boost, boost-buck, boost-boost, and battery boost modes, as shown in Fig. 2 . The following section explains the operation of these modes.
1) Main Boost Mode:
The control structure of the main boost mode is illustrated in Fig. 2(a) . Boost converter operation is performed to boost the main voltage source by chopping it with S 1 and S 2 switches. Both switches change position with the same duty cycle in this mode. The output voltage of the main boost mode operation can be written by using the traditional boost converter equation as follows:
where
2) Boost--Buck Mode: This mode assumes that the duty ratio of S 1 is longer than that of S 2 . The input voltage is accordingly boosted when S 1 and S 2 are "ON." When S 1 remains "ON" while S 2 is turned "OFF," input voltages supply energy to the load and charge the battery. Fig. 2(b) illustrates the control structure of the boost-buck mode. To determine the output of the boost converter for this mode, the equation is transformed as follows: 
To charge the battery, the equation is transformed into
3) Boost-Boost Mode: This mode presents the opposite case from that of the boost-buck mode, in which the duty ratio of  1 is longer than that of  2 . This mode allows the battery to discharge energy to the inverter when input energy generation is insufficient. Fig. 2(c) illustrates the control structure of the boost-boost mode. This mode boosts the input voltage while discharging the battery to supply the load. The equations for this mode are as follows:
where 
(10)
4) Battery Boost Mode:
The battery boost mode is useful in cases with input fault, such as cloud cover or damaged modules. Given the modification made on the converter, the state of  1 does not have any effect on converter operation. 
The duty ratio of  2 is as follows:
III. SOFTWARE ARCHITECTURE The block diagram for the software architecture of the proposed remote laboratory system is shown in Fig. 3 . System operation is administrated by the server application software created with LabVIEW programming language. The server application software is composed of six main modules, namely, a LabVIEW web publishing tool, a user login interface, a user interface, an analog input subsystem, a proportional-integral-derivative (PID) control subsystem, and a PWM generation subsystem.
A. LabVIEW Web Publishing Tool
Applications frequently require networking interfaces for machine-to-machine communication, remote monitoring, or remote control of an embedded device. The proliferation of the Internet and networking infrastructure simplifies the task of connecting distributed hardware over existing physical networks. LabVIEW provides a variety of options to establish communication among software applications. In the proposed remote laboratory, LabVIEW web publishing tool is used to provide a web-based interface for communication with existing LabVIEW applications.
Through LabVIEW web publishing tool, front panels can be quickly and effortlessly published on the web. Once published, anyone on the web with the proper permission can access and control the experiment without installing LabVIEW software. LabVIEW web publishing tool automatically creates and stores an HTML document for a selected LabVIEW virtual instrument. When a remote viewer enters an appropriate URL address, the LabVIEW front panel appears in the web browser.
B. Remote Login Interface
Remote users can connect to the power electronic laboratory from any personal computer in the Gazi University local network. Given that the developed laboratory is protected by a password, remote users must have a valid user name and password to manage and authenticate the system. When remote users enter their user name and password, these data are encrypted by the data encryption standard and sent to the server with the IP address of the remote user. The server application searches for the received user name and password in a local database and a session with a 40 min time-out period is started if the user name and password are confirmed. Given the firewall applications of the university, the system cannot be accessed from outside the local network at present. The front panel and block diagram screens of the remote log-in interface are shown in Fig. 4 .
C. User Interface
In this study, a LabVIEW-based user interface software is controller blocks, which are located in the system block diagram, is insufficient. Users can effectively learn the effect of the controller parameters on the output of the multi-mode single-leg converter.
D. Analog Input Subsystem
The function of the analog input subsystem is to sample and quantize the analog signal that comes from the multi-mode single-leg converter by using the AI-205 analog input board. Once the analog input subsystem has started, it connects to the AI-205 analog input board via TCP/IP protocol and reads the output voltage, battery voltage, L 1 inductance current, and L 2 inductance current by using the "pdna://10.12.64.200/dev0/Ai0:3" IP address of the analog board. All analog signals are read simultaneously with a 12.8 kHz sampling rate and transferred to the PID control subsystem and the user interface.
E. PID Control Subsystem
The function of the PID control subsystem is to control the output and battery voltage of the multi-mode single-leg converter. For this process, the error signal obtained from a comparison between the reference and measured values is applied to the PID controller. The regulated signal is then sent to the PWM subsystem to generate PWM signals for the power electronic converter. The numbers of PID controllers used in the system vary depending on the operation mode of the converter.
F. PWM Generation Subsystem
The task of the PWM generation subsystem is to generate two independent PWM signals by using the CT-601 counter/timer/PWM board. The connection between the subsystem and the CT-601 counter/timer/PWM board is ensured by the TCP/IP protocol. The duty cycle of the PWM signals is automatically adjusted according to the data obtained from the PID control subsystem. The generated PWM signals are sent to the user interface software to allow users to see them. Thus, users can view the PWM signal duty cycle online according to the operation mode of the multi-mode single-leg converter.
IV. PRACTICAL CASES
This section shows several experiments that are developed by using the remote laboratory described in this paper. First, a typical remote experiment session is described, which summarizes how a remote user interacts with the laboratory. Second, an experiment on the multi-mode single-leg converter control with mode 2 (boost-buck mode) is explained.
A. Typical Remote Experimental Session
A remote user must be identified through his/her user name and password for remote connection as described in Section III.
Users can connect to the remote laboratory system through an Internet browser, such as Internet Explorer and Google Chrome. No other package program is required.
Once the remote log-in interface program is running in the Internet browser, the remote user has to click the "LOG-IN" button to access the laboratory (Fig. 4) . If another remote user is present in the system, an information window will appear on the screen as shown in Fig. 6 . This screen shows the waiting IP address and its queue position. When the remote log-in interface grants access to the laboratory, the controlling indicator is active and an experimental session starts. Fig. 7 shows that the remote user can choose the modes of the converter, introduce the control parameters, and set the reference values. The experiment is then ready to start. With the experiment running, the user interface represents the acquired data in real time as shown in Fig. 8 .
B. Case Study: Operation of the Buck-Boost Mode
In this experiment, mode 2 (boost-buck mode) is selected for the multi-mode single-leg converter. The multi-mode single-leg converter simultaneously operates as a boost converter and a buck converter at this mode. The converter boosts V in to V out and charges the battery, as described in Section II. During the experimental studies, the input voltage of the converter is set to 20 V, and 5 ohm resistive load is connected to the converter output. The experimental test rig parameters are provided in Table I . these parameters. Fig. 9 shows the screenshots of four different experiment results. Users can select different control parameters for a constant output and battery voltage level. During these studies, the output and battery voltages are set to 30 V and 15 V, respectively. According to the different controller parameters selected by users, the output and battery voltages, as well as the output and battery currents, can be easily monitored online. Users can also follow the PWM signals of the IGBTs on the same screen. Furthermore, the frequency responses of the voltage and current controllers while the converter is running on mode 2 are given in Figs. 10(a) and 10(b), respectively. With the help of the watch behavior function of the system during the experimental studies, users can determine the effects of the controller parameters on the system and decide whether the system is stable.
V. EDUCATIONAL OUTCOMES
The designed remote laboratory is being used to conduct practices in a masteral subject on knowledge regarding advanced converters. Analyzing the results of a survey conducted by students provides an opportunity to comment on the performance of the remote laboratory. According to the feedbacks of the students, the main advantages of the laboratory are visuality, usability, a user-friendly interface, real-world experiments and measurements, possibility of data storage, and online use of a complex laboratory. Nevertheless, students with slow Internet connection have experienced problems in experimental data reception. Other students have found the experiments difficult to understand without the assistance of an instructor. Consequently, the feedbacks received from students who performed remote laboratory studies have shown that the proposed laboratory is a useful tool for remote or traditional education. However, it is not an alternative to real laboratory practice but has complementary roles for students and instructors.
VI. CONCLUSIONS
In traditional laboratory applications, the establishment of an experimental assembly, running the experiment, and obtaining results are time-consuming processes. Traditional laboratories also have several important disadvantages, such as students or users facing high-voltage risk or failure of In this study, a novel web-based remote laboratory application is designed and implemented as a part of an advanced power electronics course. The aforementioned disadvantages of a traditional laboratory are eliminated. A multi-mode single-leg converter is chosen as an example of the laboratory application because four operation modes are possible with such converter. This study aims to introduce an effective self-learning tool for engineers and graduate students working on power electronics. The main advantage of the proposed system is helping students perform practical experiments remotely.
